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Abstract

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is highly toxic in experimental animals, and is known to induce cytochr
P450 (CYP) gene expression. We investigated the effect ofCYP1A1andCYP1B1variant genotypes and haplotypes onCYP1A1
andCYP1B1mRNA expression and ethoxyresorufin-O-deethylase (EROD) activity in lymphocytes from 121 subjects f
the Seveso population, Italy, accidentally exposed to TCDD in 1976. The 3′UTR 3801T>C and I462V variants ofCYP1A1
were present in 16% and 6% of the subjects, respectively. The frequency ofCYP1B1variants was 85.2% for L432V, 49.6
for R48G and A119S, and 28.7% for N453S. There was complete linkage disequilibrium (LD) among theCYP1B1variant loci
(D′ =−1) and high LD among theCYP1A1loci (D′ = 0.86). Gene expression measured by RT-PCR did not vary byCYP1B1
genotype in uncultured lymphocytes. However, when lymphocytes were treated in vitro with 10 nM TCDD,CYP1B1and
CYP1A1mRNA expression was strongly induced and modified byCYPvariant alleles. Specifically, theCYP1B1*3haplotype
(L432V) was associated with increasedCYP1B1mRNA expression (P= 0.03), following an additive model; theCYP1A1I462V

Abbreviations: EROD, ethoxyresorufin-O-deethylase; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; CYP, cytochrome P450; LD,
disequilibrium; AhR, aryl hydrocarbon receptor; SNP, single nucleotide polymorphisms; ppt, parts per trillion; RT-PCR, reverse tran
polymerase chain reaction; CI, confidence interval; IQR, inter-quartile range; EM-algorithm, expectation-maximization algorithm; SAM
point additive model
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polymorphism was positively, although not significantly, associated withCYP1A1expression. TheCYP1B1*3variant may have
affectedCYP1B1expression in subjects highly and acutely exposed to dioxin at the time of the accident. Although based on
small number of subjects, a slight increase in eczema (P= 0.05,n= 8) and urticaria (P= 0.02,n= 2) was observed 20 years after
the accident in subjects carrying theCYP1B1*3allele. Genetic variation in cytochrome P450 induction may identify subjects
with variable responsiveness to TCDD and potentially increased risk of disease.
© 2004 Elsevier Ireland Ltd. All rights reserved.

Keywords:2,3,7,8-Tetrachlorodibenzo-p-dioxin;CYP1A1; CYP1B1; Genotypes; Haplotypes; Gene expression

1. Introduction

In 1976, an industrial accident exposed several
thousand people to substantial quantities of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) in Seveso, Italy.
TCDD is carcinogenic and results in severe develop-
mental, endocrinological, immunological, and repro-
ductive toxicity in experimental animals (Birnbaum
and Tuomisto, 2000; Dragan and Schrenk, 2000). A
significant increase in cancer incidence of (Bertazzi
et al., 1993; Pesatori et al., 1999) and mortality from
(Bertazzi et al., 2001) lymphohematopoietic neoplasms
has been reported in the contaminated area. Approxi-
mately 20 years after the exposure, we randomly sam-
pled 121 subjects, of whom 62 were from the most
exposed zones (A and B) and 59 were from the sur-
rounding non-contaminated area, and measured plasma
TCDD levels and biomarkers of possible TCDD tox-
icity. High TCDD plasma levels (ranging from 1.0 to

bon nuclear translocator (ARNT/HIF-1�) and activates
the transcription of xenobiotic metabolizing enzymes,
such as cytochrome P4501A1 (CYP1A1) and P4501B1
(CYP1B1) as well as other genes (Hoffman et al., 1991;
Jiang et al., 1996; Whitlock, 1999). CYP genes are
polymorphic, and many of these polymorphisms result
in enzymes with altered metabolic activity (Ingelman-
Sundberg, 2002). To verify whether the lack of asso-
ciation between TCDD plasma levels andCYPgene
expression could be the result of differential TCDD-
related inducibility in subjects carrying variant alleles
of CYPgenes, we measured the frequency of variant
alleles of theCYP1A1andCYP1B1genes, and their as-
sociation withCYPgene expression and TCDD-related
inducibility in lymphocytes from the Seveso subjects.

Previous work by Stoilov and collaborators (Bejjani
et al., 2000; Stoilov et al., 1998) and Aklillu and col-
laborators (Aklillu et al., 2002) have identified at least
nine polymorphic sites in theCYP1B1gene (2p22-p21,

se
t
or
on
32,

e

89.9 ng/kg lipid or part per trillion) were still present in
the exposed individuals after a period of time roughly
equivalent to two biological half-lives, with signifi-
cantly higher levels in women (Landi et al., 1997,
1998). In this population, we found a negative associa-
tion between TCDD plasma levels and both aryl hydro-

OMIM# 601771). Four polymorphisms, which cau
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their potential role in cancer risk: Arg to Gly at cod
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carbon receptor (AhR) expression in uncultured cells
and ethoxyresorufin-O-deethylase (EROD) activity in
cultured cells (Landi et al., 2003).
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We hypothesized that the lack of association
ween TCDD plasma levels andCYP1A1andCYP1B1
RNA expression could reflect inter-individual va
tion in inducibility resulting from polymorphism

n the same genes. Genetic and biochemical stu
ndicate that the AhR is necessary for most of
oxic effects of TCDD (Puga et al., 2000; Safe, 198).
ollowing TCDD exposure, AhR acts as a liga
ctivated receptor and transcription factor that fo
n active heterodimer with the aromatic hydro
l., 1999), head and neck (Ko et al., 2001), prostate
Tanaka et al., 2002), and endometrial cancer (Sasak
t al., 2003).

Several single nucleotide polymorphisms (SNP
he CYP1A1gene (15q22.2-q22.4, OMIM# 10833
ave been identified (Cascorbi et al., 1996), two of
hich have been associated with cancer risk: the

Spurr et al., 1987) is a thymine/cytosine polymo
hism in the 3′UTR region; the second is an ade
ine/guanosine polymorphism, at nucleotide 24
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which results in an isoleucine/valine substitution in the
heme-binding region in exon 7, codon 462 (I462V).
These polymorphisms have been correlated with an
increased risk of lung cancer, particularly in non-
smokers, in women, and at younger age, but not all
such studies agree (Houlston, 2000; Hung et al., 2003;
Kiyohara et al., 1998; Le Marchand et al., 2003; Taioli
et al., 2003).

We report here the results of the association be-
tweenCYP1B1genotypes and haplotypes andCYP1B1
constitutive and induced mRNA expression in uncul-
tured, mitogen-treated, and in mitogen-treated lym-
phocytes cultured in vitro with 10 nM TCDD (defined
here as TCDD/mitogen-treated lymphocytes), from the
Seveso subjects. We also report results of the analysis of
CYP1A1genotypes and their association withCYP1A1
expression and inducibility, as well as EROD activity
in the same cell conditions. For each gene, we chose
to examine the polymorphisms that have been previ-
ously reported to be associated with altered enzymatic
activity or increased cancer risk.

2. Material and methods

2.1. Study population

The study subjects were recruited between Decem-
ber 1992 and March 1994. Sixty-two subjects were
randomly sampled from the highest exposed zones (A
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raphy/mass spectrometry analysis (Patterson et al.,
1987). Results were reported in parts per trillion (ppt),
lipid adjusted.

Of the 121 subjects, 11 samples were inadequate for
analysis and were excluded from the analyses that in-
volved TCDD plasma levels. For 23 samples that were
adequate for analysis, but had results below the de-
tection limit (median detection limit = 2.7 ppt, range
1.4–15.7), TCDD levels were estimated by dividing
the lipid-adjusted detection limit by the square root of
two (Hornung and Reed, 1990).

2.3. Peripheral blood mononuclear cell culture
and RNA isolation

Peripheral blood mononuclear cell culture, RNA
isolation, quantitative competitive reverse transcrip-
tion PCR (RT-PCR), and ethoxyresorufin deethylase
(EROD) assay were performed as described inLandi et
al. (2003). Briefly, lymphocytes were immediately pro-
cessed after blood drawing, cryopreserved and stored
at−80◦C until shipment in dry ice to the NIEHS lab-
oratories. At NIEHS, lymphocytes were stored in liq-
uid nitrogen. RNA was extracted immediately prior to
the analyses of genes’ expression. For cell culture, the
lymphocytes were stimulated with phytohemagglutinin
and pokeweed mitogen and incubated at 37◦C for 72 h
in either the presence or absence of 10 nM TCDD.

2.4. Ethoxyresorufin deethylase assay (EROD)
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ge, gender, and smoking, as previously desc
Landi et al., 1998). The population was stratified in
lasses by age and gender. Using a SAS softwa
orithm, subjects were selected within each strat
roup, according to the numbers required. Every 1
ubject was selected and invited to participate. In
ase of a refusal, the next subject in the sequence
elected. Informed consent was obtained from all
icipants and the study was reviewed and approve
he local Institutional Review Board.

.2. Measurement of TCDD in plasma

The dioxin measurements in human plasma w
erformed at the Centers for Disease Control
revention using a high-resolution gas chroma
The EROD assay was performed immediately
er the 72 h incubation of the peripheral blood ly
hocytes. Enzyme activity was assessed by meas

he fluorescence (550 nm excitation, 585 emission)
uced by 106 peripheral blood mononuclear cells

er 30 min of incubation with 50 pmol ethoxyresoru
he reaction was stopped by the addition of metha
standard curve containing from 0.19 to 100 pmo

orufin/well was used for quantitation. Results w
xpressed as activity per milligram protein. A bic
honinic acid assay kit was used to measure pr
oncentrations.

.5. Quantitative competitive reverse transcription
CR (RT-PCR)

RT-PCR measured gene expression in total R
btained from mononuclear cells before and a
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incubation at 37◦C. Total RNA was isolated with Tri-
reagent (Sigma Chemical Company, St. Louis, MO)
and subsequently stored at−70◦C. For each RT-PCR
quantitation, from five to seven RT-PCR reactions were
performed. Each reaction contained 100 ng total RNA
and varying but known concentrations of a heterol-
ogous recombinant internal standard. Gene-specific
primers were used for the reverse transcription. For
details regarding the primer sequences, reverse tran-
scription and amplification conditions, seeLandi et al.
(2003). The amplified products were separated by elec-
trophoresis on agarose gels containing ethidium bro-
mide. NIH Image Software was used to measure the
intensities of the unknown and internal standard cD-
NAs in digitized images of the gels.

All CYP1A1andCYP1B1gene expression results
were normalized to beta-actin expression, and results
reported are asCYP1A1orCYP1B1mRNA copy num-
ber per 105 copies of beta-actin mRNA.

2.6. Genotype analysis

Two previously established PCR-RFLP assays were
used to detect theCYP1A13801T>C (Whyatt et al.,
2000) and 2455A>G (I462V) polymorphisms (Olshan
et al., 2000). For theCYP1A13801T>C assay, primers
were (forward) 5′ agg aag aag agg agg tag ca 3′ and
(reverse) 5′ cag cac agt gat tag gag tc 3′, with 57◦C
annealing. For theCYP1A1I462V assay, primers were
(forward) 5′ gct tgc ctg tcc tct atc 3′ and (reverse) 5′
a
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ric means and 95% confidence intervals (95% CIs) are
reported. We used the Student’st-test for group com-
parisons and simple linear regression to test for trend
across genotypes within SNPs. Since TCDD plasma
levels were associated with EROD activity in our pre-
vious work (Landi et al., 2003), andCYP1A1is known
to be related to EROD activity, all the analyses includ-
ing EROD activity were adjusted by plasma TCDD
using multiple regression analysis. Similarly, multiple
regression analyses were performed to evaluate the as-
sociation of plasma TCDD levels with gene expres-
sion or EROD activity byCYP1A1andCYP1B1geno-
types. We have previously conducted quality control
studies on the cryopreserved lymphocytes, and ana-
lyzed viability, RNA quality, and cell growth by stor-
age length, batches of experiments, and exposure status
(Landi et al., 2003). We found that post-culture viabil-
ity, batch of experiment (samples were divided in 17
batches for the analyses), and percentage cell growth
were associated with both TCDD plasma levels and
gene expression. Thus, we adjusted all analyses of the
association between TCDD plasma levels and gene ex-
pression or EROD activity for these variables. In addi-
tion, we excluded all lymphocytes with pre-cultured vi-
ability <75% from all the analyses based on uncultured
cells.

For the results of inducibility (‘delta-expression’,
calculated as gene expression in TCDD/mitogen-
treated cells minus gene expression in cells treated with
mitogen only), no transformation produced a suitable
a sed
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Two previously established PCR-RFLP assays w

sed to detect the fourCYP1B1SNPs associated wi
mino acid changes: one assay for theCYP1B1R48G
nd A119S variants, and another for theCYP1B1
432V and N453S variants (Mammen et al., 2003).
or theCYP1B1R48G/A119S assay, the primers w
forward) 5′ tcc cca tcc caa tcc aag 3′ and (reverse) 5′
gg cag ccg aaa cac ac 3′, with 61◦C annealing. For th
YP1B1L432V/N453S assay, the primers were (f
ard) 5′ gcc tgt cac tat tcc tca tgc c 3′ and (reverse) 5′
tg agc cag gat gga gat gaa g 3′, with 57◦C annealing

.7. Statistical analysis

CYP1A1andCYP1B1gene expression and ERO
ctivity were log-transformed to approximate norm

ty and analyzed using parametric statistics; geo
pproximation to normality. For these data, we u
on-parametric statistics and reported medians

nter-quartile ranges (IQR = 25th–75th centiles).
sed the Wilcoxon (Mann–Whitney) two-sample ra
um test for group comparisons, the Spearman’s
orrelation statistics to test for trend across genot
ithin SNPs, and median regression models (Gould
nd Rogers, 1994) for the association betweenCYP1A1
olymorphisms and the difference of EROD activ
djusted for plasma TCDD.

The total number of subjects varies across ana
ue to missing values within each analysis.

All of the analyses reported above were perform
ith the use of the Stata statistical package (Stata,
ion 8.0, Stata Corporation, College Station, TX).

To estimate haplotype frequencies, we use
og-linear model embedded within an expectat

aximization (EM) algorithm for phase uncertai
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(Chiano and Clayton, 1998; Mander, 2001), as
implemented in Stata. The log-linear model was
performed using an iterative proportional fitting algo-
rithm (Agresti, 1992). We repeated the same analy-
sis with an alternate method based on a gene counting
EM-algorithm (Excoffier and Slatkin, 1995) as imple-
mented in the Arlequin package, Version 2.000 (Genet-
ics and Biometry Laboratory, University of Geneva,
Switzerland). Single locus Hardy–Weinberg equilib-
ria atCYP1A1andCYP1B1SNPs were calculated us-
ing a Markov-chain random walk algorithm (Guo and
Thompson, 1992). Haplotype diversity, measuring the
probability that two randomly chosen haplotypes are
different in a sample, andD′, measuring the devia-
tion from random association between alleles at dif-
ferent loci (Lewontin, 1971), were calculated using
the Arlequin 2.000 package. TheP-value for linkage
disequilibrium among SNPs atCYP1A1andCYP1B1
loci were derived from a likelihood ratio test of hap-
lotype frequencies (assuming LD versus not assuming
LD) by a permutation procedure (Slatkin and Excoffier,
1996).

We analyzed the association between estimated hap-
lotypes and the logarithm of mRNA gene expression
by the Stata function ‘qhapipf’ (Mander, 2002). Hap-
lotype frequencies were estimated and their regression
coefficients forCYP1B1mRNA expression were ob-
tained in a multiple-locus single-point additive model
(SAM), which assumes additive effects for each single
allele. The significance of the association between al-
l hood
r as-
s ean
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t f the
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e eans
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f two
d as-
s
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2.8. Nomenclature

We used the nomenclature system forCYP1A1
andCYP1B1alleles recommended by the Human Cy-
tochrome P450 Allele Nomenclature Committee; see
http://www.imm.ki.se/CYPalleles.

3. Results

3.1. Genotype and haplotype estimation

3.1.1. CYP1B1
Among the Seveso subjects evaluated for the

CYP1B1 SNPs, no significant deviation from
Hardy–Weinberg equilibrium was noted. As expected
(McLellan et al., 2000; Stoilov et al., 1998), the R48G
and A119S variants were in complete allelic identity
in this sample and are described here as a single
biallelic locus. In agreement with previous studies
(Bailey et al., 1998; Stoilov et al., 1998), the most
frequent variant was L432V (present in 85.2% of the
subjects); the least frequent was the N453S variant
(in 28.7% subjects). Only three subjects (2.7%) were
homozygous for the reference sequence at allCYP1B1
SNPs, indicating the unambiguous presence of two
CYP1B1*1alleles. A large number of subjects were
heterozygous at multiple loci, making haplotype
determination ambiguous. Therefore, we performed
haplotype estimation among the 111 subjects with
c d
h to
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eles and gene expression was measured by likeli
atio test. The EM-algorithm does not allow one to
ign haplotype alleles to each individual, thus m
YP1B1expression for each possible pair of hap

ype alleles was estimated by linear combination o
ndividual allelic regression coefficients. Results w
xpressed, after exponentiation, as geometric m
nd relative 95% CIs. We also repeated the same
sis without specifying the genetic model, allow
or interaction between the same variant alleles in
ifferent chromosomes. For the analysis of the
ociation betweenCYP1B1haplotypes andCYP1B1

nducibility (delta-expression), we estimated the ha
ype frequency counts and tested their association
ertiles ofCYP1B1inducibility using Fisher’s exac
est.

All statistical tests were two-sided. AP-value < 0.05
as considered statistically significant.
omplete genotype information (N= 222 estimate
aplotypes) (Table 1). No haplotype was estimated
arry variant alleles at all threeCYP1B1SNPs in this
ample (estimated probability for carrying more t

able 1
aplotype frequency estimation forCYP1B1gene

ucleotide changea Amino acid
change

Haplotypeb

42 355 4326 4390 Allele Count %

G C A Reference CYP1B1*1 27 12.2
T C A R48G; A119S CYP1B1*2 69 31.1
G G A L432V CYP1B1*3 88 39.6
G C G N453S CYP1B1*4 38 17.1

a Nucleotide position relative to start codon.
b Haplotype allelic frequency estimated by the expecta
aximization (EM) algorithm using both Arlequin (Schneider, 2000)
nd Stata software (Mander, 2002).

http://www.imm.ki.se/cypalleles
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Table 2
Constitutive and TCDD-inducedCYP1B1gene expression byCYP1B1genotype

Polymorphism Reference Heterozygous Homozygous variant P-trenda

n Meanb 95% CI n Meanb 95% CI n Meanb 95% CI

CYP1B1expression (copies/105 copies of actin) in uncultured cellsc

CYP1B1(R48G, A119S) 35 68.2 39.1–119.1 33 63.1 37.1–107.3 4 158.5 16.1–1558.3 0.64
CYP1B1(L432V) 22 69.0 32.5–146.2 42 73.7 46.6–116.7 10 66.4 19.1–231.1 0.99
CYP1B1(N453S) 51 78.5 51.0–120.9 21 53.8 25.2–115.1 2 116.0 0.1–106902 0.58

CYP1B1expression (copies/105 copies of actin) in mitogen-treated cells
CYP1B1(R48G, A119S) 40 86.3 63.1–118.2 29 88.8 64.0–123.2 6 130.6 54.1–315.1 0.44
CYP1B1(L432V) 22 119.7 76.1–188.2 42 80.1 60.2–106.6 12 91.1 51.8–160.0 0.28
CYP1B1(N453S) 53 90.5 70.0–117.0 19 81.6 54.0–123.3 4 195.5 19.5–1961 0.43

CYP1B1expression (copies/105 copies of actin) in TCDD/mitogen-treated cells
CYP1B1(R48G, A119S) 40 506.3 386.7–662.9 28 412.1 307.0–553.1 6 416.2 241.6–717.1 0.32
CYP1B1(L432V) 20 372.1 259.6–533.5 43 443.2 348.4–563.8 12 692.2 436.2–1098 0.04
CYP1B1(N453S) 52 466.1 367.8–590.7 19 430.6 309.4–599.3 4 419.0 276.7–634.5 0.68

n Median IQRe n Median IQRe n Median IQRe

DeltaCYP1-B1expression (copies/105 copies of beta actin)d

CYP1B1(R48G, A119S) 39 442.8 204.4–601.3 28 320.2 163.2–488.8 6 339.6 252.6–396.5 0.08
CYP1B1(L432V) 20 325.4 186.0–513.6 42 358.3 186.0–513.6 12 508.0 449.8–714.2 0.004
CYP1B1(N453S) 52 427.1 213.2–515.6 18 339.6 173.3–562.0 4 136.4 −155.1–364.2 0.15
a Test for trend across genotype categories.
b Geometric mean.
c Samples with low viability (<75%) were excluded from the analysis.
d Difference in mRNA levels between lymphocytes cultured in vitro with mitogen + TCDD and lymphocytes treated with mitogen only.

Results based on non-parametric analyses are reported.
e Inter-quartile range.

one variant per haplotype was <5.01× 10−8). Haplo-
type diversity was 72± 1.5%. Linkage disequilibrium
among the fourCYP1B1SNPs was complete, with a
D′ of −1 overall and in all expression and cell culture
strata reported.

3.1.2. CYP1A1
Consistent with previous studies in Caucasians

(Garte et al., 2001), the frequency ofCYP1A13801T>C
andCYP1A1I462V variants in the Seveso sample were
low. Only 19 subjects (16.2%) had the 3801T>C vari-
ant. Among the seven subjects (6%) with the I462V
variant, the 3801T>C variant was also present. Link-
age disequilibrium among theCYP1A1SNPs was high,
withD′ = 0.86 overall. Given the low frequency of vari-
ant alleles and haplotype counts, we do not report the
analyses on the CYP1A1 haplotypes.

3.2. Association between TCDD plasma levels
and CYPs expression by genotypes and haplotypes

Overall, TCDD plasma levels were not associ-
ated with the expression ofCYP1A1and CYP1B1

genes and negatively associated with EROD activity in
TCDD/mitogen-treated cells (Landi et al., 2003). The
presence ofCYP1A1orCYP1B1variant alleles did not
modify the associations between TCDD plasma lev-
els andCYP1A1or CYP1B1gene expression or be-
tween TCDD plasma levels and EROD activity (data
not shown).

3.3. Association between CYPs genotypes and
haplotypes and gene expression

3.3.1. CYP1B1
In uncultured cells, there was no significant differ-

ence inCYP1B1mRNA expression levels byCYP1B1
genotype (Table 2). We repeated the same analysis sep-
arately in subjects from the exposed zones (A and B)
and in subjects from the surrounding non-contaminated
area. No major differences were present between the
two groups of subjects (data not shown), but the anal-
ysis was based on small numbers. Irrespective of
genotype, TCDD/mitogen treatment produced a 6.3-
fold increase inCYP1B1expression compared with



M.T. Landi et al. / Toxicology 207 (2005) 191–202 197

Fig. 1. EstimatedCYP1B1diplotypes and TCDD-inducedCYP1B1mRNA expression (geometric means) in single additive model.*1 = A119,
R48, L432, N453;*2 = G48, S119, L432, N453;*3 = R48, A119, V423, N453;*4 = R48, A119, L432, S453. The darker columns indicate the
estimatedCYP1B1mRNA expression associated with one or two*3 haplotypes.

uncultured cells (mean copy number 461.1, 95% CI
388.5–547.3 versus 73.7, 95% CI 52.1–104.3, all geno-
types averaged). Induction in TCDD/mitogen-treated
cells was lower (2.3-fold) in the presence of a reference
CYP1B1genotype (mean = 68.9, 95% CI 0.1–575.5
and 30.1, 95% CI 0.5–1827.8, in TCDD/mitogen-
treated lymphocytes and uncultured cells, respectively)
than in subjects with at least oneCYP1B1variant
(mean = 475.6, 95% CI 400.4–565.1 and mean = 73.3,
95% CI 50.5–106.6 in TCDD/mitogen-treated lym-
phocytes and uncultured cells, respectively; 6.5-fold).
In TCDD/mitogen-treated lymphocytes, subjects who
carried at least one V432 variant (suggestive of a
CYP1B1*3allele) showed higherCYP1B1mRNA ex-
pression in comparison to subjects with a L432 geno-
type (P= 0.04, test for trend across L432V genotype
categories,Table 2).

In order to distinguish the effect of in vitro TCDD
treatment from that of the mitogen, we calculated
the difference betweenCYP1B1gene expression in
TCDD/mitogen-treated cells andCYP1B1expression
in mitogen only-treated cells (delta-expression).

There was a statistically significant positive trend
in inducibility when we compared subjects with the
CYP1B1L432 genotype and subjects either heterozy-
gous or homozygous for the V432 variant (P= 0.004,
test for trend,Table 2).

The single-point additive linear regression
model based on haplotype estimation confirmed

the CYP1B1*3 allele was the only variant allele
significantly associated with gene expression. When
the three variant alleles (CYP1B1*2, CYP1B1*3, and
CYP1B1*4) were considered in the same regression
model, onlyCYP1B1*3was significantly associated
with the CYP1B1mRNA levels (regression coef-
ficient = 0.48, P= 0.03, likelihood ratio test). The
regression coefficients obtained from the single-point
additive model (SAM), were used to estimate the mean
expression ofCYP1B1mRNA in subjects carrying
the possible combinations of variant allele pairs or
diplotypes (Fig. 1). The lowest gene expression was
estimated for the subjects carrying twoCYP1B1*1
alleles (mean = 243.9; CI 95% 88.9–669.0), while
the highest expression was in the subjects carry-
ing two CYP1B1*3 alleles (mean = 621.7, 95%
CI = 451.4–856.2). We repeated the same analysis
adding the interaction terms for each variant pair on
the two chromosomes (data not shown). No major
differences were observed between the two models
(P-value = 0.78, likelihood ratio test for the differences
between the two models).

No statistically significant association was found
between any CYP1B1 haplotype and CYP1B1
‘delta-expression’, calculated as gene expression in
TCDD/mitogen-treated cells minus gene expression in
cells treated with mitogen only (P= 0.78, Fisher’s ex-
act). Failure to observe an association may be in part
due to low statistical power, since only non-parametric
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analysis based on tertiles of ‘delta-expression’ could
be performed.

Given the association of theCYP1B1*3 vari-
ant allele with expression, we questioned whether
CYP1B1*3subjects developed more diseases follow-
ing the accident than subjects with the reference allele
or otherCYP1B1variant alleles. We examined col-
lected data on all health conditions reported by the
subjects from the moment of the accident (1976) to
the study period (1992–1994). Data was available for
several health conditions, including allergic, gastroin-
testinal, infectious, endocrine, and respiratory diseases,
in 115 individuals. Subjects with cancer or chloracne
were not included in this study. No major differences
for any of the conditions were observed byCYP1B1al-
leles, with the exception of an increased frequency of
eczema (n= 8,P= 0.05) and urticaria (n= 2,P= 0.02)
in subjects with theCYP1B1*3variant allele.

3.3.2. CYP1A1 and EROD activity
CYP1A1mRNA levels and EROD activity were

strongly induced (8.8-fold and 13.1-fold, respec-
tively, P< 0.001) when 10 nM TCDD was added to
the mitogen-stimulated cells (Landi et al., 2003). In
TCDD/mitogen-treated cells,CYP1A1gene expres-
sion was almost 2-fold higher in subjects with a
heterozygousCYP1A1I462V genotype (n= 4, geomet-
ric mean = 618.2) than subjects with the I462 (refer-
ence) genotype (n= 74, geometric mean = 361.2), but
the difference was based on the few subjects who
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4. Discussion

To our knowledge, this is the first study to exam-
ine the relationship between cytochrome P450 genes’
haplotypes and eitherCYP1A1andCYP1B1gene ex-
pression or EROD activity in human lymphocytes.

The presence of variants in theCYP1A1 and
CYP1B1genes did not modify the lack of associa-
tion between TCDD plasma levels andCYPmRNA
expression or EROD activity in lymphocytes obtained
from subjects randomly selected from the exposed and
surrounding non-contaminated area of Seveso, Italy.
However, subjects heterozygous or homozygous for
theCYP1B1V432 variant (suggestive of the common
CYP1B1*3allele) showed higher TCDD-induced ex-
pression ofCYP1B1than subjects with the L432 ho-
mozygous genotype (Table 2). This effect was also
seen when considering the delta-expression ofCYP1B1
mRNA levels in lymphocytes from individuals with the
CYP1B1V432 variant (Table 2).

We performed haplotype analysis to verify whether
there were effects on gene expression due to haplo-
type alleles that were undetected by genotype analy-
sis. Haplotype analysis allowed us to estimate: (a) the
likelihood of carrying recombinant alleles, and (b) the
association between eachCYP1B1allele or their com-
bination andCYP1B1gene expression.

(a) We observed that only two subjects (withCYP1B1
expression data) were homozygous forCYP1B1*1,
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lso carried theCYP1A13801T>C SNP, and was n
tatistically significant (P= 0.09). Similarly, EROD
ctivity did not vary between subjects with the re
nceCYP1A1genotype and subjects with at least
YP1A1variant. When subjects were categorized
arrying reference alleles,CYP1A13801T>C only o
othCYP1A13801T>C and I462V variant alleles, su

ects who carried both variant alleles had the hig
YP1A1mRNA levels, but the difference among

hree groups was not statistically significant (P= 0.20,
est for trend). No significant difference inCYP1A1
ene expression was observed between subjects
arried bothCYP1A1andCYP1B1variant alleles in
omparison with subjects who carried reference g
ypes for bothCYP1A1andCYP1B1genes. Similarly
o significant differences inCYP1A1expression o
ROD activity were observed when subjects were s

fied byCYP1B1genotypes (data not shown).
the reference allele, while many subjects were
erozygous for several variant allele combinatio
The probability of additional recombinant hap
types (CYP1B*5, CYP1B*6 or CYP1B*7 alleles;
Aklillu et al., 2002) or other recombined hapl
types) was estimated to be close to zero, and
was complete linkage disequilibrium (D′ =−1)
among the variant loci.

b) The single-point additive model confirmed a s
nificant association between theCYP1B1*3allele
andCYP1B1RNA levels, consistent with the e
fect of the V432 genotype observed in our ge
type analysis. Thus, we conclude that the S
that causes the L432V amino acid change is
functional SNP, at least within the limits of o
study. In addition, the analysis of possible com
nations of the same alleles in two different ch
mosomes (Fig. 1), showed that the homozygo
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CYP1B1*3combination was associated with the
highestCYP1B1expression, while the homozy-
gousCYP1B1*1combination had the lowest ex-
pression. We were unable to detect evidence for
interaction between different alleles at the same
locus. Thus, the effect ofCYP1B1*3allele on
CYP1B1gene expression appears to follow an ad-
ditive or codominant model. These results need to
be replicated in larger studies, since our analysis
was limited for the following reasons: haplotypes
were imputed from observed genotype data rather
than measured directly, the studied SNPs were lo-
cated within coding regions, were in complete link-
age disequilibrium with each other and were con-
tained within a single region of linkage disequilib-
rium (i.e., no recombinant alleles were observed).

The CYP1B1*3 allele is the most common al-
lele in populations of European and African descent
(Mammen et al., 2003) and may likely be the ancestral
CYP1B1haplotype. Our observation thatCYP1B1*3
alleles are associated with higher mRNA inducibil-
ity following in vitro TCDD treatment is interesting.
The SNP that causes the L432V amino acid change
could affect mRNA stability, or be in linkage dise-
quilibrium with other variants inCYP1B1transcrip-
tional regulatory sequences such as response elements
or those regulating RNA degradation (Cartegni et al.,
2002). For example, there are many other SNPs in the
CYP1B1non-coding and flanking regions that might
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In uncultured lymphocytes,CYP1B1 expression
was not associated with TCDD exposure (Landi et al.,
2003), either in the presence of a reference or variant
CYP1B1genotype. The enhanced effect on gene ex-
pression of TCDD in cell culture in comparison with
circulating TCDD could be due to the relatively low
dose of plasma TCDD in these subjects after almost
20 years from the original exposure, while the dose
of in vitro TCDD and time of culture we used are
known to be optimal for maximal induction in vitro
(Spencer et al., 1999). However, one might speculate
that theCYP1B1*3allele could have modified the ef-
fect of dioxin when subjects were acutely exposed to
very high levels of dioxin at the time of the accident.
To verify this hypothesis, we examined the distribution
of the diseases developed by the exposed subjects in
the 20 years after the accident, stratified byCYP1B1
alleles. Although based on very small number of sub-
jects, there was a suggestive increase of allergic skin
diseases (urticaria and eczema) in subjects carrying the
CYP1B1*3allele. This finding needs to be verified in
larger studies.

Previous work in lymphocytes (Masten et al., 1998;
Spencer et al., 1999) and epithelial cells (Eltom et al.,
1998; Larsen et al., 1998) have shown constitutive lev-
els of CYP1B1mRNA are high compared to those
of CYP1A1. Consequently, we measuredCYP1A1ex-
pression in mitogen-stimulated cells only. As expected
in Caucasians (Garte et al., 2001), the frequency of
CYP1A1variants was low. Even though based on small
n
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ffect expression. In previous biochemical studies
YP1B1.3 protein had similar activity to other co
on protein variants (Li et al., 2000; Mammen et a
003; Shimada et al., 1999). However, analysis of
YP1B1enzyme with the 432V substitution show

ncreased apparentK(m) after coexpression inE. coli
ith NAPDH-cytochrome P450 reductase (Shimada e
l., 2003). In addition, the CYP1B1.6 and CYP1B1
roteins, which both include the V432 substitut
in addition to other amino acid changes), exhib
ltered kinetics with significantly increased appa
(m) and loweredV(max) values for both the 2- an
-hydroxylation of 17 beta-estradiol when evalua
fter heterologous expression inS. cerevisiae(Aklillu
t al., 2002). Further functional studies are necess

o explore the relationship between theCYP1B1*3al-
ele, regulation of inducibleCYP1B1transcription an
YP1B1 enzymatic activity.
umbers, subjects heterozygous for theCYP1A1I462V
ariant, who also had theCYP1A13801T>C vari
nt, had a higherCYP1A1expression andCYP1A1

nducibility than subjects with the reference ge
ype.

No differences were observed in EROD activity
ariants ofCYP1A1orCYP1B1genes. Previous stu
es have shown thatCYP1A1variants were associat
ith increased enzyme activity (Crofts et al., 1994
iyohara et al., 1998; Landi et al., 1994; Puga et
997). However, in other studies involving either p
otyping or in vitro expression, there was no corr

ion betweenCYP1A1activity andCYP1A1variants
Jacquet et al., 1996; Zhang et al., 1996). Larger stud
es are necessary to further explore the associatio
weenCYP1A1gene and related RNA and functio
ctivity, sinceCYP1A1variant alleles are infrequent
aucasians (Garte et al., 2001).
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In conclusion, polymorphisms in theCYP1B1or
CYP1A1genes did not modify the lack of associa-
tion between TCDD plasma levels andCYP1A1or
CYP1B1gene expression in lymphocytes from Seveso
subjects, approximately 20 years after the accident.
However, in vitro TCDD treatment of cultured lym-
phocytes strongly induced bothCYP1A1andCYP1B1
expression. TheCYP1B1*3allele modifiedCYP1B1
expression in an additive fashion.

This study presents evidence of inter-individual
variability in cytochrome P450 induction due to ge-
netic variation, and may help in identifying subjects
with variable responsiveness to TCDD and potentially
increased cancer risk.
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